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TOPEX/POSIEDON  Autonomous Maneuver Exper.
(TAME) Design  and I]ll~>le]~le~ltatio]]
“l’. Kia, J. Mcllstrom.  A. KILImpp,  ‘l’. h4unson & P. VaK

‘1’he need for Ilighcl level 0(’ S])21CCC12ift au(vIIoII)y is gaining i n c r e a s e d  ittlpot-tance  in

future space nlissions planning, l; LIILIIC space tl~issiol)s \vill continue to be scicntitlcally
ad tectluically tlIo Ie :Illlbitious, and will dcIIlaml [Ilow autonomy”  to accomplistl c o m p l e x

t;~sks in ut]cer(:lit~  et~vitx)nlncnts  and in closti  proximity t{) terrestrial bodies. III addit ion to
Inissi(lt] demands ,  :It’t’otdability is now a prilll:lry drit,er, ‘Ihe call  is t’ot- smallet miss ions

w[tl] gtt’dtly red LIced gIOLIIId  control :IIICI o[wmlion. Spwecrat’( w i t h  highly dutonomoLls,

.g021] di rected L’ontl  ()] systcllls  w’OLIid bc requited to Illec(  these ctldl]enges.  ]t is  bel ieved

Ibdl  (be autonomy”  in dditio[j [() reducing the Inission operat ions cost ,  wi l l  ct~dble sci-

ence o b j e c t i v e s  no( p o s s i b l e  using tllc cuncnt sp~kccc!”att al”cbitectural  clesigns.  Autonw
tlIous I) MIIeLIVCI- p lann ing  ancl illll>lcilletlt:ltioll  is one the key c a n d i d a t e  t e c h n o l o g i e s

identillcd for such [Ilissiotls.

‘1’bis paper  describes the design atd the ill}[~lctlletlt;~tiol] of an autonomous nlaneuver ex-

pcrinlent. ‘1’be expcrimct~t  w i l l  p r o v i d e  pI(mt’  of c o n c e p t  tectlnology for at) imporl:~nt

:IIM Of 011- bO:lld  ZILltolK)llly. ‘I’OI’}iX/l’OSll  ;l)ON  ALltonomous”  hfat)eLlver Iixperiment
(“1’AMf\)  \vill pt-ovide t h e  n e c e s s a r y  algoli[llm  t’ol- dutonomous planning 01 constraint
free  att i tude m:meuvers to e x e c u t e  aII orbi(:il hfainten;tnce Matleuver (OMM). Cur-

ccntly the expcri[nen( is scl]eduld for JLIIIC 1997. ‘1’t]is paper  will (Iescl-ihe ‘1’AMfl’s ar-
chilccturc, its planner :tlgorithtn and (lie design  ot’ the sotlwate,

IN’1’l{OI)[IC’1’10N”

‘1’hc need for higher level 01 SK

space missions’ planning’, l;uturo
autonon~y  is gaining  incrcascci  importance in future
space lnissions  will continue to bc scientifically and

technically mom ambitious, and will (iemand more ;iutommy to accomplish comp]cx
tasks in uncertain cnvirx)ntncnls and in clmc proximity 10 terrestrial bodies. In addition to
mission demands, affordability is now a pritnary (irivcr. ‘1’he c:ill  is fol smaller missions
with grcat]y  reduced gmuncl  control and opcra(ion. Spacccr:ifl  with highly autonomous,
goal dircctcd control systems would  bc rcc]uired  to meet these challenges. It is bclicvccl
that the autonomy in ad(iition to rducing  the mission operations cost, will cnab]c sci-
ellcc objectives not possib]c  using the currmt  spacccl”aft  architcctura] designs. Autono-
nlous maneuver planning  and il]l~]lcl]lcllt:iti(~ll  is onc of the key candidate technologies
ictcntificd  for such missions.

“1’his papcrctcscribcs thcdcsign  and the ill]]~lclllcI]t:itioll  of an autonomous mancuvcrex-
I>cli]llcrlt.  rl’tlcc  xljcri[l]ellt  will ~>lovi(ic~  >rc~c>ff lfcollccl>t tcclltlology  for: t[lilllllolt:itlt area
O f  011-bOWd  2iLltOl10111y. ‘I’OI’liX/}’OSI  Ijl)C)N Autonomous  MWICLIVCI  1ixpcrimcnt2
('l'AM[i) will ]jrovi(lc  ttlc]lcccss:ity:  llg()ritll[llfor :lllto]lolllolls  l~latl[liflg  ofco]lstrairltfrec
attituctc  IN: IIICUVCM to execute arl Orbital Maintcnancc  MNICLIVCI.  (C)MM). Currently the
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cx{)crimcnt is schdLlled  for JLIK 1997. “1’his paper will describe ‘1’AME;’s architcctLlre,  its
plmncr  algorithm atld  the design of the software. ‘1’AMI;’s main modLdc  is aplanning
Cllginc  (hat :i]ong with its auxiliary  moc{LI]cs and a database will reside on atl existing sat-
dlitc  processor. “I’llc Ll:i[iitJ;lsc  collt~li[lsc  c]l;li]} sii(cllitc;ttl(lol[~it  constants:is  well asthc
tab]cs of missiol] constraints. lJpon rcccivingan  OMM cotl][l~:it~d,rl’AhlI~  will rcqLIcst
Ll]>tc)(l:ltc(l]crll]iil  :i[l(ic~>llcll]  cris(l:lt:tfl(>]ll  thcsatc]litc’s  lllaitlcoIl113Llter(OB~). It will
then illiti:ilizc tt]c J?lalltlcl[  llo(lLllc todcsign  acons[raint  free attitLlck  mancLlvcrplm. The
‘1’AME p]anncr algorithm gcncratcs  paths that avoid geometric, power and thcmal con-
s[rain[s, Ano[hcr  lNOd  U]C,  (he SCqLICllCC  gcIlcl’atoI  m o d u l e ,  w i l l  thc[l i n c o r p o r a t e  t h e  gencr-

a(cd path into an Orbit Maintcnancc  Maneuver (OMM) scque.nce that would bc void of
o t h e r  [ypcs of conslrain[s  sLIch as coIHrIMnd o r d e r s  and t i m i n g .  T h e  gcncratcd c o m m a n d

SC(]LICIICC,  Whi Ch Will iI”lC]lldC  the llCCCSSMy  COIlllllWldS t(l lCCO1lfi~LllC  all{] tO CO1lditiO1l  the
satclli[e  and its componcn[s,  will then be [L2msfcucd  to the OB~  for activation.

‘1’his tcchno]ogy  dcl]lol~stl:lti{)t]  will proviclc  data (o perform cost/benefits analysis to clc-
tcminc the proper trac]cs  bctwccn flight-and  groLlnCi-bascct  spaccclaft  mission operation.
It will also proviclc  approaches for the ncw paradigms in system architccturc,  ground
commanding and test and verification that will be ncccssary  for highly autonomoLis
cvmt-ctrivcn  conlro]s.

‘1’hc ‘1’OPliX/Poseidon Satellite, herein rcfcrrcd to as ‘1’OPEX (Ocean Topology 13xpcri-
Jncnt)  was laLlnchcd  on AUgUSt 1 (), 1992, from the Kourou SpaCe ~.enter in l;rcnch  CJLIY-

ana. ‘1’hc satcllik  was laLInched  into a nominal circular  orbit with an altitLldc  of 1336 Km
and an inclination of 66 clcgrccs. The ‘1’OPIIX  is a remote sensing mission with the pri-
m a r y science objective of provictins  sea SLIL’fHCC  alt i Inct ry from spacc3. The
‘l’C)l>llX/l)oscido[]  program is jointly sponsord  by ‘J’hc National Acronaulics  and Space
A(in]inistration  (NASA) ttnd ~ct]trc National d’I;tLl(ics  Spatidcs  (~NEiS). This joint
LJ.S./J~IcIIch mission colnbines  each country’s space wean Icscarch missions. The
l’OP1;X mission is managed by the Jet PropLllsion  1,aboratcmy  (JP1,) for the NASA office
01” Space Scicnccs  Application. JP1., is also tmponsiblc for the d:iy to clay operation of
[hc sa[clli[c. ‘1’hc Poseidon is managed by the TOLIIOLISC Space laboratory for ~NIH.
“l’Of]IiX was slated for a prime mission of three years, which was completed in Scptcm-
bcl” 1995. A three yc;Lrs’ cx[cnsion  to the. n~ission has been appmvcd  by NASA.

‘1’hc primary scicncc objcctivc  of the TOPliX satellite is to proviclc  highly accLmttc  mcas-
Lll”cmcnts of the sca sLu’face c]cvation over ail of the occ:in  basins. The primary science
rcc]Liiucmcnt is to provide geocentric mcasurcmcnt  of the global ocean sea lCVC1 acc Lmte
tot 14 cm with a prccisicm ofi 2.4 cm along track. T’hcse rcqLlircmcnts ncccssitatcd  a
froz,cn  orhit that ]>rc~vicles:t  fixcclglo~lll(ltr  ~lcke\ery  ]osidcrcal  clays (1270  rbits)”. ‘1’o
maintain the fmz,cn orbil, tk satellite occasionally  performs small bLlrns  rcfcrrcd to as
Orbit Maintcnancc  Maneuver (OMM ).
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TAMK  OBJ lK1’lVI1

It is the objective of TAMli to develop the software that provides the capability for
:1 LI(OI1OI11OLN  on-board planning and execution of an OMM. Orbit Maintcmnce  MarmI-
vcr(OMM)  is a ]llLllti-(iisci~?lil]e  activity. It miy be best described by ciivi(ling the ac-
tivity into three phases, the planning plum,  the i~ll]~lcillclltiitioll  phase and the execution
phase. Pl:[llr~irlg ~J}l:isc  is~i~l:tvig;itiot]  tc:il~~:\ctivity  tt~at  it~cluck  sorbit  cletcrmination,or-
bilccJ1ltrol  aIldort>it l>lo~>2igtltio[  lfLlllctiollst oc2ilcLllatct  l~e.reqLlirc(lA  Vvcctor. Theim -
plcmcntation  activity converts  the rcqLlcst  for a maneuver into a seqLKmce of low-level
sa[c]]ite commands that will be up]oaded  to the satellite  forcxccLltion.  ~. Llrrcntly,  all of
these fLlnctions arc performed on the groLInd. ];igurc ] sLlmmarizcs thccLlrrent  TOPIiX
matlcLIver illl]llclllcllt:itioll  activity.

]11 a fLl]jy :tLlto1loINoLIs  approach al] activities arc pcl”formcd  on-board withoLlt  ally groLlnci
intervention. A]thoLlgh technica[]y  fcasib]c  fw” most 111 OC]CM  day Sate] iites, this ]evel of
aLl[ollomy  was deemed as inappl”opl”iate  for TAMf{. lTOPEX  on-board COllll)LltCN,  the
01)(: at]d the G}>S 1750A, simply do not have sufficient LIIILISCCI  c:qmcity to sLIpport
m]~>]clc]y ttLltOllOlllOLIS  lI1:l[lCLIVCI” fLlllCtiO1lS. Since the exccLltion phase of an OMM is
pcrlorme(i t~LItc)I]c)I~lc)LIsly by the satellite, it was decided th:lt  (he next logical step in the
aLltOllOllly  WOLl]d be tO CO1l  VCI”t  thC illll>lC1llC1lt:lt  iO1l plmc tO all aLltOllO1ll OLIS OpCldiOn.
‘1’hcwforc in ‘l’AMl;  the planning phase will remain a groLIncl  activity. f;igLlrc  2 shows the
‘l’AMI;  il]]~>lcll~el~tatic~l~.

TAM It ARCH Irl’lKH’lJ1<It

OB~ limitations ad (he safety of an on-going scientific mission require use of a second
compu(er  for the ‘1’AM[:  i!ll[~lct~~el~t:~tiot~. An zircllitcctLlrc  h:lsbccl~  clcve]opccl  that Llti]-
izcs [he existing “1’01)1 iX ~JI’S cxpcrimcnt  1750A computer’. lJndcr this architecture,
‘1’AMIi  software ]o:idcd  on the ] 750A conlpLltcr  generates a seqLlence of commands fLlnc-
tiond]y  simi]:ir 10 the grollnd gcncl”atcd 0h4M command scqllence.  ~’hiS seqllcnce  Will

then tx trmskrred to the OBC: for execution. ‘1’hc OB~ will Lltilizc  cxisling  mancLlver
roLltincs  to cxecLltc  the cxpcrimcnt. ]“igL]rc 3 shows ‘1’AME’s modLIlar  block diagram
while its data flow diagram is shown in I;igLlrc  4,

At the hcar[ of the process is the AttitLldc  MmeLlver  f’]anncr modLl]c.  ‘1’hc inpLlt  to the
planner is the requird AV vector ancl allowable nMIICLIVCr  windows. Other inpLlts  rc-
c] Llircd by the planllcr arc provided Llti]izing  one of the following mcthocls:

● ~onslraints  WC) other pat”mctcl’s of importance, SLICh :1S the lht’csholcls  and the
dcsid set of the thl”Lls[crs, wi]i bc resident in the appropriate on-board data-
bases.

● 1750A rcsicicnt  software modules, SLIII am] spacecraft ephemeris modules,
will propagate the spacecraft and the solar ephemerides, TAh’lF will c] LIcry
the OIK for initial val LIcs. .

● Mathematical moclcls provide the spacecraft characteristics for the appropri-
ate sLlbsystems,  sLIch as the Attitude C.ontro] subsystem, ]’ropu]sion  SulJ-
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system, Power Subsystem and ‘1’hcrmal  Subsystem, TAh4E will query the
OB~ for the rcqLIircd  initial valms.

● LJp to date spacecraft state  wi] I hc provided via the telemetry feedback from
(llc [)B(’.
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‘I’llc Il12111cll\’el  ]Jl:ltlrlitlgtllo(itllc j>l(Jccsscslc(jLlcs[s  folo113it]ll  :ii~ltcIl:tIlcc In:incLIvcrs

(<Jh4M)  :irl(lgcllclti[css l~:icccr:if[ c()ll"llll:I(l(is  f(J1"1112tIlcLivcl`  cxccLlti{Jll.  AnOMM  n~ocii-
fics the orbit characteristics for ciuig ~nakc-LIp.  OMh4s arc xconlp]ishc(i  by pointing the
spacecraft thruslcr in the (iil”cction  of the rt’q Llcstcci impulse. A In:ltleuvcl”  consists of the
following:

( 1 ) tLlrns to acconlpiisb  lhc Icc]ucs[cci  pointing

(2) h]} orbitai change  plopLlisive  bL1l’11 at constant attitu(ic,
(3) tLllllS  to rc-acquire a nonlitlai SJllCCC1’d[ altitLidc.

‘1’ilc llltlllCLIVCl  pikinning lllO[ill]C  CIISLllCS  tiult all S]xlcccr;lft  pointing colls[raints arc satis-
fiC(i  CiL1l’i[l~  tile IlliillCLIVCl  tUlllS :Ul(i bLlll}S. “Ilk Ill:lllCLIVC1’  ]>iilIllliIl~ llKKiLl]C  (1 /)t”iOt”i
COlll]>LltCS :1 III; IIICLII’CI  WhiCh

(1) acc]Llircs  tile  rcqucstc~i  attitucie.  al the rcqucsteci epoch
(2) satisfies ail ac(ivc pointing constrdin(s
(3) inclLl(ics the spacecraft (iynanlic bciuivior
(4) inclLlcics  settling tin~cs
(5) inc]ucics  tLlrtl rdtc lilnits

‘J’AMli  pl:tnncr  crca(es Iloll-collstl:litlc(i  pdhs  by sc]ccting an intcrmcciide  atti(udc  point,
bctwccn the nuIncLIvcr  start anti anotilcr poin[ bc(wccn the OMM epoch and the epoch to
the nlar]cuvcr  stop J>oints,  I;igLtrc  5. in particular, the “1’AMFi  search roLltinc begins its
seal ch for the intcrmcciia[c point on the bOLIIIChl”y  of the prime constraint. ‘IIAMI; M~I-
ncuvcr  Planner, l;igLuc 6, consists of thfcc nlait] functions:

( 1 ) initializ;(tion search
(2) path analysis aII(i c)J~tillliz:iti(J1l.
(3) 1112111  CLIVC]  p r o f i l e  gcllclatioll

“]’hc k~th initiaii~er  scarcks for a set of nlullcLivcr  pl”ofi]cs that satisfies the pl”inlc  coll-
straint, ‘1’0 limit the nLimbcr of gcncratc(i at(itLl(ic comm:m[is, path a[lalyz,cl” andyzcs

these profiics  ag:iinst constmints  iistc(i in t h e  ~kmstrdint  ‘1’ab]c,  a n t i  s e l e c t s  t h e  pmfi]c  t h a t

provicics tile (inlc-optiluai attitLICic.  II1:IIICLIVCI’  w i t h i n  lhc scicctcd solLltioIl s p a c e .  ‘1’hc P a t h
lni(ializcr  oLlliJLlts  a  (jLi:i(cr[lio[l/tiIllclillc  sc.t (mancLlvcr  profiic) rcprcscnting  a  collstraitlt-

fI’CC  lll:lllCLIVC1’.  };ill:l]ly,  thC ~k)IlltWllCi “1’12UlSi:itOl  COllVCltS  thC 1112111  CUVC1’  plC)filC tO tiIllC

ta~~c(i (] L121tCJ’IliOllS  to Comtnanci ‘1’OJ’HX  controiicr.

Attitu(ic Maneuver Planning

The a(titLldc  planner’s main propose is to reorient ami :i]ign  a satc]litc body -fixc(i vc.ctor
(thrust C]il”cction)  along all incrtia]y  fixed vector, the rc(iucstcci  AV Ciircction, sce Figure  7.
‘1’hc plan consists of rotating the spacecraft to the (icsircci  orientation, pcrfortning  a
thl”LIStC1’(S)  bill’11, WICi l’0t2di11~  ttlC S~>;lCCC1’dt  tO :1 llCW’ Ol”iCIlt;ltiO1l  [0 lCS1lI1lC  Il(lllll:ii IlliS-

siol]
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activities. q’he bzisic  maIKLIVCI  compoIKIll  is a const:int cigcnaxis  rotation with respect to
WI incriid frame. A tLwn begins from an initial stationary attit Ldc, contin  Lies with spin-up
to a constant rotation rate about a single cigenaxis,  ~tnd ends with spin-clown to a new
st:ition:lry :it(itllclc, l~iglll”c  8. ‘] ’hLIS  all spacecraft bdy-fixccl  vectors generate a CO1lC tra-
jectory aboLlt the cigcn~lxis,  while inertial vectors remain stationary. me n~agnitLdc  of the
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S13;11 VCCIOI’, i, 01’ flJt71  t’(if(’ iS a fllndi(>ll  Of tk S]laCCCl”:lft CO1ltl’Oi[Cl”  tlll”ll  Cb:ilaCtCliStiC.  A
[ypic;tl tLIrn riitc curve cllartlc[cristic,  shown in f;igurc 8, consists of a ranlp clLwing spin-
up, a const~ult  turn rate dLlring coasl, and a negative ranlp dLwing spin-down.

(Ii

!

1{

6
%j,

%@/op
b

/
spacecraft body-fixed

n coordinate frame

x body

l;igurc  7. Eigcmaxis ‘1’urn With Rc-
sped to an lncrtial Frame ( for  s im-
plicity the rotations of the body  coor-
dinate  axes are not shown)

(WNS’1’RAIN’1’S

ACTUATORS ACTUA1  ORS ACTUATORS
ON OFF ON
~~~ —--+ ~

Figure  8. ‘1’ypical  Turn Rate Charac-
teristic

All n)aneLlvcIs  are sLlbjcct  (0 pointing aIlci  tillling mns[rain[s.

ing constraints as the association between a pair of vectors: a
‘l’AMI; models  (k point-

body-fixed vector  and all
in;r~ially fixed or orbit:dly  fixed vector (l;igLlrc  9). A constraint is violated if tbe body-
fixcd vcclor is within a spccificd angular  distance, or h:ilf-cone  angle, of the inerlially
fixed vector. ~’wo constraints arc ill Llstratcd  in l;igLlrc  10; each constraint p:iir  is indic:iteci
by iin il~cicx.  ‘1’here is no tbcorctical  linlit on the nlaxin~Lln~  number  of constraints.

in ‘l’AMl;  all active constraints tire stored on-board. A constraint is dcfinccl  as active if it
is rcq Llircd  for the next nuu]cL\vcr.  ‘1’hc Gnslraint  ‘1’ab]c logically bas a row for cad con-
straint pair. Ihch row is in the following forlnat:

● Body unit vector  in body coordinates, dimensionless

●  G3nstraint  Lltlit  vector  in orbit:d or inctlial  fr:inlc c o o r d i n a t e s ,  d i m e n s i o n l e s s

● 1 lalf-ccmc angle,  radians
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in a(i(iition  to the constraints listcci  in the td?lc below, ‘1’AMIl  nuiintains  a constrain[  limit
on the :itiitLl(ic tLlrn rate in orcier to n]anage  the satcliitc  stored nlonlentLllH  during  the nla-
lICIIVC1.
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Figure  9 Typical Constraint: Sun
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I)ms Not I.ie in Star ‘l’racker Field  of
.

View(9 ).

I’ati]  initiaiiy,dtion

AIlilcltllissiblc  lllilllcLlvclI  l;lttlc  ()llsistso  fttlcscCillcllcco  fcigcIl;lxist  Llrtls,  sLlfficicnt to
align the appropriate bo(iy vector with the rcq Llcstc(i incrliai  vector; whi]c avoiding ail the
constraints spccificd  in the Gnstraint  l’able. I;igLuc  11 clcpicts  the TAMP; path search

‘1’ilc  proccciLIrc  to fin(i the initial i)ath is as follows:

Search patwnctcrs $ an(i q nlovc the aitimctct’ (ht’oLlgh  a circie in the feasible
CO1)C,  SCC fi~LU”C 6.
tp is a rotation aboLlt tile ;titimclcr.
]nlerlnc(iiatc  a(titLICic  ~(t~)  is Spccificci  by the ~ CLI]CL’ ang]cs $,11, and ~.

g
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‘f+
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]~igllre  11 ‘1’AiVllC  Maneuver I)lanncr  Flow diagram

COMNIAN1)  TRANSI.Arl’ItR  NlOl)lJl  .K

‘1’hc planner OLltllLlt,  a strcd[n  of tinlc-taggd  qualcrnions,  then will pass through  a trans-
]atol that convcrls  thcm to 3’OPIiX like con]mancls before passing (0 the seqLIencc  gen-
erator nlodLIlc.  This s[cp is necessary as the l’OPI;X attitude comn~ander,  Eulcrc., does
not have the capability 10 provide cigcnaxis  [urns. commands about other axes may be
applicci  as biases only.

‘1’hc scqLlcncc gcncratol’ nKKiLI]C  Crc:itcs  an 0Mh4  cc] Llivalcnt  seqLIcncc  by addiing  conl-
mands to conc]ition  the hardware ;id softwwc satellite configLntion  prior to the nKLncu-
vcr Cxeclltic)[l. ‘]’hiS IllC)(iLl]C 21]S0  :i&iS llOS[ 11121  [lCLlVC1” C] C2111L1]>  COlllllKIIldS tO lCCollfi~LlrC
the satellite configuration to its nonlinai  conditions. ‘1’hc gcneratccl sequence will then be
lransmitlcci to the OB~ for cxccLltion.

I)A’1’A TltANSl~lCR  iVlOl)[Jl .1;S

Provicling  means of transferring data between (3BC and the 1750A, provided another
chdlengc  to the ~’AMf;  design. ~O1llll]Llllic;ltioll  between (11c two conlJ~Lltcrs  is based on
the existing TOl)IiX conltnand  and tcle.mctry wchitcctLlrc. The 1750A output  clata is
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normally slated fol” Irallsfcl’ to ground  :1s pall of the spacecraft tcknlctl”y. In this cxpcri-
nlcnt, the 013~ wi]] captLuc,  interpret and verify the telemetry fronl the 1750A before in-
tcrleavitlg  it with (I1c existing background con)inands. I’hc sequence is then stored in the
‘1’OPEX abso]ulc time conltnand  bLlffcr fol” execution. This will conlplcte  the TAME
llMIIICLIVC1’  lIll~)]ClllCIlttlt iOll phaSC.  ‘]’AM~i  doCS  Ild ChWIRC  [}lC lllaIICLIVCl  CXeCLIti  C)Il  DhaSe.

I:igLlrc  12 gr;;phically  show;s (hc proposed data transfer :;chitccturc.
,

TLM TO CMDS FROM
GND & / or  Of K GND OFI OBC

PC E N T R A L
UNIT

L.  —_

1CWC)8 lLM

ri——===—=—  =

OEICTLMTOGNC

4-
S/c CM[)S

17508 WCTLM
b

GND CM[)S

II MuLIIPLE XEIILIAIAE<US II

HLMCI TLM

[~]

H

CMD TLM

r——

I P R O P U L S I O N
MC)DULE

TOPEX OBC

c-
1

ABSOLUTE TIME COMM AND TASK

r-c===-l

L—— — — — . — . J

Figure 12 ‘1’AIVIIC OllC/1750A data transfer architecture

AIJXII.IARY  hqO1)lJl,IM

Auxiliary nv.xlu]cs have been divided into three diflercn( categories:

●  l\I]llCn~cris an[] orbit  models  consisls  of nlodulcs  th:lt  propag:ite  spaCeCl”aft
and the Sun ephcnlcrides  and an cclipsc  predictor to account for the lack of
S1111  Cncrgy ill the ttlcl’lllal :In(l  pow’cl” lnc)dcls.

● Attitaclc  and Articulation Moc]ds  consist of the moclLdcs that predict Solar
Array pointing, s:l[cllite nominal atti[Llclc  ad a satellite attitLldc  ndel.  The
sate]litc attit Lldc nlodc] incl Lldcs the tr:itlsfol”lll:itiol~  bctwccn tile eigcnaxis
tllr’ns and the T0P13X (yaw-axis, bias] turns.

● Satc]lite nlocicls consist of the thermal ancl power models. These nloclcls  are
highly specialized and sinlplified  to gcncratc  prediction for the highest likely
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offender onty. Asa~~cx:itl~]~le  ttlc’1’tlcrlll:ll  ndcl l~rcclic(s  tllctcl~~l~crat  L[reat  a
si[lglc point on the satellite whik the power  only predicts tk battery’s dcpth-
of-discharge factor.

I’l{OPUI.S1ON  MO1)U1  JM

]’ropLllsion  nldc]  calcLl]atcs  the cicsired  bLlrn dLlratioa for the reqLlcsted  AV nlagnitLde.
‘1’his nlodLilc  rcqLlircs aN up-lo-date tank tcnlpcrature  that it will query fronl the OB~.

I) ATBASIC h’101)lJ1.lM

“1’hc database nlodLI]c  is the prinuu’y depository of all J]:u”anlctcr  values nccdcd for the dc-
siga of the OMM. ‘1’hedatabasc  includes:

●  }:ligllt  RLlles:lll(l  ~ollstl;iilltsi  llclLlciillgt  llrcstlolds
●  (lMMscc]Llcncc  tcnqdatc.
●  S:ltcllitcs'  pr(>lJcrtics  sLlcl]zls  lll:iss, i1lcrti2tsctc.
●  ~ollllll:i~ld  atldtclclllctlyd ictioll:i[”y.

1750A SC)IWWARII AI{ CII1”l’JCC’I’IJI{ l{;
On-boarci the spacecraft, the aLItononly  software rcsicics  in a 1750A conlpLlter  that, for the
purposes of the experiment, acts as a co-processor to the Onboar(i  ~olllpLltcr  (OB~). The
1750A conlpLltcr  performs ai] tile ca]cLllations  for p]antling  tbc rcquestui  nlancLlvcr  and
gcllcl”a(es  a Ccrlllplete  SCC]LIC1lCC to inlp]cnlcnt  the plallllc(i  lllallCLIVC1.  3’llC OBC receives
anti stows  tbc maneuver sequence of abso]Lltc  timc(i commancis from the ] 750A. ‘]-he
scquencc  is then intcrprctd aad cxccutcd.

‘1’hc sof[ware on the 1750A conlpLllcr  is sLlbstalltially  original.  Whi]c  lt was cicvc]opeci
spccifica]ly  for the ‘I’Ah!l I? cxpcrimcnt,  the uncicrlying SW :irchitcctLlrc  an[i CM D and
‘1’1 .M intcrf~ces  were inhcritc(i  fronl the prc-TAMFi  application. l’bc SW on the OB~, on
lhc other hancl,  is substantially Llnchange(i.  A patch was ndc to the existing SW to ac-
conlnlociatc  an interactive interface with the ] 750A, to receive and process a sec]Llcncc
gcncratc(i  by the 1750A, and ailow dctaiicci  ground control of the cxccLltion of the
MltOllOlllOLISiy  ~CIlC12k[i  SCCIUCIICC.

‘1’he inhcritcci  :ilchitcctLirc  of the 1750A software consists of a I)ZaiIJ  I’oLlt inc that pcrfornls
all the application initialization an(i spawns two proccsscs  referred to as the high an(i low

I)riori[y Iool)s. This is shown in figLlrc  ] 3. Not shown in figLlrc 13, bLlt p:irl of the inhcr-
itc(i  architcctLlre,  are two intcrrLlpt  service roLltincs  (lSR) which handle  the conlnlaaci  and
tclcnletry  bLlffcrs,  ad the boot fLlnction  that rcsi(ies in ROM. l’bc boot fLulction  handles
lo:i(iing  the application SW, and the control transfer to the application. A conl-
nlanci/tcicnlctry  intcrfidce  sLlpporting  these fLlnctions,  an(i some basic kaith  check tests
al’e  dSO illC]Ll(iCCi  bLlt IIOt ShOWI1.

As nlcntione(i  earlier, the con)manci at~(i tclcmctry  bLlffcrs arc manageci by intcr~Llpt  scrv-
icc roLltincs.  ‘1’hcsc roLltincs  are invokc(i by har(iware interrupts. The conlnlan(is  arc in-
lC1’pI’CtCd  111 thC high JWjOljty ]00]) il[ld thC bLI]k Of thC ‘1’AMIi  prOCCSSillg  OCCLIIS  ill thC ]OW
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priority imp. II]tcrl)loccssc  olll]lll]llic:iti[)rlis  zlcllic~rcd  ttllollgllc  o]llll)oll(lata  pcmlsancl
global flags. ‘1’his method for in(crpmccss  colll[llLl[]ic:ttioIl”  wits also inherited.
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‘1’he integration  ancl tcs{ of the ‘J’AMti system follows, and is driven by, the design  ancl
iIll])lcIllcIl(a(i[)Il  process. “1’bcrcforc,  before discussing tbe I& ’l’ process ir] detail, this scc-
[ion will discuss the ‘1’AM[i  design and illll~lcll~cllt:itioll  process anti how it inflLlencc(i tbc
test process.

At a very high lCVC1 tbc clcvclopmcnt  can bc broken down into 4 elements. ‘1’bcsc arc
●  l’AMti Algoritlll~~I Jc\’cl(~}~l~~cI~t,
●  ~“AMti};light  SW1llll>lcl~lcl~t;lti(}ll,
●  li]nbccl(lc(l  Systcm ( ] 750A) ])CVCIO1llllCllt,  and
● OK Sw Dcvdopmcnt.

Iiach step is ciiscusscd it] more detail below.

‘1’hc ‘1’AMt; function, plwning  Li constraint free attitude trajectory and creating a nNmeu-
vclscqllc[lcc, w~ls ~)~igill:t]ly CICVC]OpCd  ill t~~’ocl]vilol]lllcllts. It was clevelopccl  parlially
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in MA’I’l>AB and par(ial]y in FOR”l’RAN.  IKIR’1’RAN was LIsecl wherever existing ful~c-
Iionswerccklncd  sL!it:tb]c  fCJrrcLlsc. ‘1’his occLwrcd,  for cxatnp]c,  in the case of orbit
models. NcwfLlllctic~lls wcrcil~l]>lclllc[~  tcclill MArl`I.A13.

l;or the flight illl]~lclllcl~t~ltic)Jl,  the algorithms were transcribed to ADA and tested on a
VAX workstation. ‘l’AMlil;Llllctioll~il  tcstil~g  \\:ls~lls(~(  l()llci l~tlleM A'l'l, AF3c1l\~ilc)1l-
nlcnt as part of the dgorithnl  dcvclopmcnt  process.

‘]’k sOflWiirC 011 thC cnlbcddcd  SyStC1ll iS a S~lllhCSiS  Of CO& fl’0111  tWO SOLIICCS. ‘]’hC full-
danlcntitl software architectLlrc,  i[ltcrl>roccss  cc)llllll  Lillic:itic)lls,  ancl external interfaces are
sLlbstanti:illy  inhcritccl.  ‘I%csc functions arccLIllcd from thcprcvioLls  application code atd
tcs[cdill ast:itld-illollc  filslliolloll:l 1750 t:llgctc  olll]lLltcr.  “I’llcsccotl(l  collll>ollcllt  isthc
‘I’AMI; Flight  SW. 'I`llis sc~f[wi~lc,wl  licllis  l>:~scclol  lttlcMA "I`l.A13:l  llcll;  OKl'RANcoclc
(liscLlssc(l  ciirlicl,i  silltcgr:itc(i  wi[llttlc illllclitcCls  oft\v;lrci  lll(l]>oltcdtotllc  1750.

A( each step in tk dcvclopnlcnt,  realistic test cases :irc LISCCI  to verify the fLlnctionality  of
the planning software. ‘1’hcse test cases fall into two categories. ‘1’hc first of which
cnlLl]ate  pr’evioLlsly condLlctcd  OMM’S by rcstrictitlg  the planning  degrees of freedom.
‘1’he spacecraft attitLdc is rcc]Llircd  to stay nadir pointecl  until jLlst before the burn and the
only free viiriab]c is the burn epoch. in these test cases, the actLlal  spacecraft tclcnlctry  is
the “trLlth  set” against which the ‘1’AMti planning function is evaluated. The other  class
of fLlnctional test cases are those which allow off na(iir pointing clLwing the tLwn to the
bLu”n attitude. These test cases take advantage of the TAMIi attitLdc planning  capability
t o  “walk  211’OLlllCi”  a  c o n s t r a i n t . “h fLlnctionality  and pcrfornlancc  of the TAMli SW in
these cases is vcrificci  by analysis. ];igLlrcs ] 4 throLlgh  ] 8 show sonic of the results of a
typical test case.
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CONCI.[JSIONS

‘1’hc feasibility for autononlous  Jq3Lllsivc nuIt]cLIvcr planning seqLmlce generation was
dcnlonstrated  in 1994. l’hc 1995 effort gencralid  the algorithnls  allowing arbitrary
~iUJC1’  (Ltl”llS  ill ph!CC Of ttlC Sillg]C :lXiS tL1l’llS  ad tk COC]C iS being W1ittCll  tO comply With
flight software code rcqLtirenlcnts. The TOPFIX  AutonotnoLls  ManeLlvet’  ~xpcrinlent
(rl’AMti)  applies these concepts to a Ic:il operational n:tdir pointed  orbiter.

‘1’hc challenge of the ‘i’AMI; cxpcrimcnt  will not bc litnitecl to the nlatlcLlvcr  planner algo-
rithm. Kca] IlliSSiOll  COllS(lai[ltS  all(i Ovclsigllts woLll(i  }lavc to bc COtlSjCkI’63j  for thCil  fLlll

;111]3X( (0 CIISLI1’C  21 S21fC CX]X3”iIl KHlt.

‘1’k research (icscribcci  in ti~is paper was pcrformc(i by the Jet Propulsion laboratory,
~a]ifot’nia  ]nstitLltc  of “]’cchnology,  Llndct’ contt”act  with the Na(ional  AcronaLltics  and
Space A(inlinistration.
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